Transfusion-associated graft-versus-host disease (TA-GVHD) is a complication of blood transfusion that results from the engraftment and clonal expansion of allogenic donor white cells.
Radiation treatment of blood components is currently used to prevent TA-GVHD. 3) This procedure is based on the large difference between the radiation sensitivities of T-lymphocytes and red blood cells (RBCs). 3, 4) Thus, one has to apply a dose high enough to destroy almost all the T-lymphocytes while causing as little damage as possible to RBCs. Recent studies indicate that the minimal dose required to fulfill this requirement is from 15 to 50 Gy. 5, 6) Doses of this order of magnitude cause only minor changes in the essential constituents of RBCs, e.g. intracellular hemoglobin, ATP, membrane lipid and proteins. However, they promote the leakage of potassium from RBCs. 7, 8) There have been concerns about possible side effects, such as hyperpotassemia and cardiac arrest, of the transfusion of blood components with an elevated potassium concentration. [9] [10] [11] The irradiation of aqueous solutions can lead to the generation of reactive oxygen species (ROS) such as the hydroxyl radical which is a powerful oxidant and can interact with lipids and proteins in the membranes of RBCs.
12) It was reported that the increase in the extracellular potassium concentrations of RBC preparation on photosensitization resulted from the oxidative damage of RBC membranes by ROS produced by photosensitization, and furthermore, that the increase was sufficiently inhibited by the addition of an antioxidant such as dipyridamole (DPM) or Trolox before the photosensitization. 13, 14) Therefore, the leakage of potassium caused by the irradiation may also be due to the damage of RBC membranes by ROS. Although the use of an antioxidant could potentially minimize the leakage which may result from the irradiation, trials using antioxidants to prevent potassium leakage are rare. 15) Here we investigated the effect of antioxidants DPM, Trolox, human plasma or mannitol on the leakage of potassium ascribed to the irradiation of RBCs.
MATERIALS AND METHODS
Preparation of RBC Samples and Irradiation RBC in MAP solution (RC-MAP) were prepared according to the standard protocol of the Hokkaido Red Cross Blood Center. Briefly, after the centrifugation of donated human blood (400 ml) at 3000 g for 8 min, the supernatant was removed and 92 ml of MAP solution (1.34 g D-mannitol, 0.013 g adenin, 0.086 g sodium dihydrogenphosphate, 0.138 g sodium citrate dihydrate, 0.018g citric acid, 0.663 g D-glucose, and 0.457 g sodium chloride) was added (hematocrit: approximately 60%). RC-MAP stored for 7 d at 4°C was mixed with the same volume of MAP solution containing DPM, Trolox, human plasma or mannitol. RBC preparations (30 ml) in plastic tubes (50 ml centrifuge tube; IWAKI Inc., Tokyo, Japan) were agitated for 2 h at room temperature and subsequently exposed to 30 Gy of gamma ray irradiation (irradiation time: 38 min), using a Cs 137 source (Gamma cell 40; Nordion International Inc., Kanata, Canada). After irradiation, the RBC preparations were stored in plastic tubes containing antioxidants at 4°C for 7 d.
Measurement of Potassium Concentration and Osmotic Pressure After the RBC preparations stored for 7 d at 4°C
Transfusion-associated graft-versus-host disease (TA-GVHD) is a fatal complication of blood transfusion resulting from the contamination of blood products by leukocytes. In order to prevent this disease, gamma or Xray irradiation of blood components,which can inactivate leukocytes, is currently used. However, the minimal doses needed to destroy lymphocytes promote the leakage of potassium from red blood cells ( after irradiation were centrifuged (3000 g, 10 min), the potassium concentrations of the supernatants were measured. The concentration of potassium in the supernatant was measured using an instrument with an ion-specific electrode (644 Na/K/Cl Analyzer, Bayer Corporation, MA, U.S.A.). The osmotic pressure of MAP solutions was measured (Osmotic Pressure AUTO & STAT, ARKRAY Inc, Kyoto, Japan) based on the depression of the melting point.
Chemicals DPM, Trolox, mannitol, and dimethyl sulfoxide (DMSO) were purchased from Sigma Chemical Company (St. Louis, MO, U.S.A.). DPM and Trolox were dissolved in DMSO as stock solutions. D-Mannitol, adenin, sodium dihydrogenphosphate, sodium citrate dihydrate, citric acid, D-glucose, and sodium chloride were purchased from Kanto Chemical Co. Inc. (Tokyo, Japan). Human plasma, which was obtained from healthy donors, was kept at Ϫ80°C prior to use.
Statistical Analysis An ANOVA with Bonferroni correction was used to analyze the effect of the antioxidants on the irradiation-induced potassium leakage. "Potassium increase" refers to the difference between the external potassium concentration of the RBS preparations before irradiation and the concentration 7 d after irradiation. A value of pϽ0.01 was considered significant.
RESULTS AND DISCUSSION
The RBC preparations (hematocrit; 30%) containing DPM, Trolox, human plasma or mannitol were irradiated at 30 Gy and subsequently stored at 4°C for 7 d. As shown in Figs. 1A-C, the increase in the external potassium concentration of RBC preparations was markedly enhanced by the irradiation, which is consistent with a previous report. 16) DPM, which is widely used in the treatment of cardiovascular disease, binds noncovalently with high affinity (K d ϭ 1.2 mM) to band 3, which is the most abundant protein on the RBC membrane with about a million copies per cell. 14) It has been reported that dipyridamole exerts an inhibitory effect on lipid peroxidation 17) and acts as a scavenger of superoxide anion, hydroxyl radical and peroxyl radical. 18, 19) These properties make dipyridamole a candidate for an agent providing selective protection to RBCs against oxidative damage. Trolox, a water-soluble derivative of vitamin E, is reported to bind efficiently to the RBCs membrane and is effective in quenching type I photoreactants (free radicals) that are produced in RBC by photosensitization.
13) It was reported that both of these antioxidants sufficiently inhibited the leakage of potassium from RBCs on photosensitization, which indicates that the leakage is due to the oxidative damage of RBC membranes by ROS produced from the photosensitizer. 13, 14) In this study, the increase in extracellular potassium following irradiation was clarified to be significantly suppressed by the addition of DPM or Trolox (Figs. 1A, B) . The leakage of potassium from the non-irradiated RBC preparations was unaffected by the antioxidants. Heat treatment at 37°C, which enhances the fluidity of membrane phospholipids, 20, 21) after irradiation was reported to suppress the leakage of potassium from RBCs. 22) These findings indicate that ROS produced by the irradiation induced the increase in extracellular potassium through oxidative damage of the RBC membranes, similar to the case for photosensitization.
Whole blood contains not only cell components such as RBCs but also plasma. Human plasma is known to possess powerful antioxidants including vitamin E, vitamin C, the iron-free fraction of serum transferrin, and the copper-containing serum protein ceruloplasmin which can scavenge ROS generated by irradiation. 23) Therefore, human plasma is also expected to inhibit the leakage of potassium ascribed to the irradiation. After RC-MAP was mixed with the same volume of human plasma, the RBC preparation was agitated for 2 h at room temperature and subsequently irradiated. The leakage ascribed to the irradiaton was significantly suppressed by human plasma, which is consistent with the hypothesis that the leakage caused by irradiation is due to ROS (Fig. 1C) .
Mannitol (80 mM), which is a constituent of MAP solution and used to inhibit the hemolysis of RBC during storage, is able to quench ROS such as the hydroxyl radical. 24) Therefore, mannitol is also expected to suppress the leakage of potassium from irradiated RBCs. We tried to clarify the effect of mannitol on the increase in potassium promoted by the irradiation. The increase in the external potassium concentration of the irradiated or non-irradiated RBCs was unexpectedly promoted in a manner dependent on the concentration of mannitol (pϽ0.01) (Fig. 1D) . The difference between the increase with irradation and without irradiation, which is the increase ascribed to the irradiation, was also slightly enhanced dependent on the mannitol concentration (Fig. 1D, closed circle) . It was reported that mannitol (Ͼ100 mM) decreased cell volume and reduced the filterability of RBCs through micropores, 25, 26) which suggests structural changes of the RBC membrane. The osmotic pressure of MAP solution was increased in a manner dependent on the concentration of mannitol ( Table 1 ). The structural change of RBC membranes at an elevated osmotic pressure may promote the leakage, which would be greater than the antioxidative suppression by mannitol. However, it is difficult to explain why the leakage of potassium ascribed to the irradiation was further enhanced dependent on the concentration of manner (Fig. 1D, closed circle) . The RBC membrane may become extremely sensitive to irradiation on the addition of mannitol. Further investigation will be needed. In this study, mannitol (80 mM), which is used to inhibit hemolysis as a constituent of MAP solution, was shown to promote the leakage of potassium after irradiation. The amount of mannitol in MAP solution may have to be reconsidered.
In conclusion, the extent of irradiaiton-induced potassium leakage suppressed by DPM, Trolox or human plasma (10-20%) seems to be insufficient for the clinical use of these agents as additives in MAP solution, although antioxidants may be capable of suppressing irradiation-induced potassium leakage. 
